Iron oxide nanoparticles (IONPs) with high-index facets have shown great potential as high performance T 2 contrast agents for MRI. Previous synthetic approaches focused mainly on ion-directed or oxidative etching methods. Herein, we report a new synthetic route for preparing high-index faceted iron oxide concave nanocubes using a bulky coordinating solvent. Through the systematic replacement of a non-coordinating solvent, 1-octadecene, with trioctylamine, the solvent interaction with the nanoparticle surface is modified, thereby, promoting the growth evolution of the IONPs from spherical to concave cubic morphology. The presence of the bulky trioctylamine solvent results in particle size increase and the formation of nanoparticles with enhanced shape anisotropy. A well-defined concave nanocube structure was evident from the early stages of particle growth, further confirming the important role of bulky coordinating solvents in nanoparticle structural development. The unique concave nanocube morphology has a direct influence on the magnetic properties of the IONPs, ultimately leading to an ultra-high T 2 relaxivity (862.2 mM −1 s −1 ), and a 2-fold enhancement in T 2 * -weighted in vivo MRI contrast compared to spherical IONP analogs.
Introduction
IONPs are commonly used as T 2 contrast agents in MRI due to their unique magnetic properties and biocompatibility [1] [2] [3] [4] [5] . While chemical composition tuning has been demonstrated to be an effective route to improve the magnetic properties of IONPs for enhanced spin-spin (T 2 ) relaxation [2] , inducing shape anisotropy has also been shown to improve imaging contrast in MRI applications [1] . Zhao range [6] . The intrinsic magnetic properties of IONPs are strongly correlated to the relaxation properties [4] [5] [6] , and improved T 2 relaxation has been previously attributed not only to the increase in the local magnetization field during MRI measurements, but also to the expanded effective radius of the local field, and the increase in magnetic field inhomogeneity upon using high-index faceted IONP contrast agents [6] [7] [8] [9] . To date, various synthetic methods have been developed to prepare IONPs and the thermal decomposition approach is highly regarded for its ability to produce high quality IONPs with controllable sizes and tunable morphologies [10] [11] [12] [13] . Several groups have investigated the effects of changing various reaction parameters on the NP's structural growth [12] [13] [14] [15] . Chemical additives have been explored to induce the formation of high-index faceted nanostructures through selective capping of the nanoparticle surface [6, [16] [17] [18] [19] [20] . Hematite (α-Fe 2 O 3 ) concave nanocubes with an average size of 300 nm have been synthesized in the presence of cupric acetate under hydrothermal conditions [16] . During the synthesis process, the Cu 2+ ions acted as facetselective capping agents and were demonstrated to be responsible for promoting the concave surface nanostructure. Similar to metal ions, Cl − ions have also been
shown to be effective selective capping agents in creating shape anisotropic IONPs [6] . On the other hand, exposure to air during IONP synthesis has also been demonstrated to induce oxidative etching to create negative surface curvatures in concave nanocubes [21] .
Aside from the investigations of the structural modifications on IONPs through the introduction of additives, previous studies have also explored the effects of other synthetic parameters on the resulting NP morphology [15, [22] [23] [24] [25] [26] [27] . Oleic acid is a common capping ligand used in the synthesis of high quality IONPs due to its ability to strongly bind to the NP surface through its carboxylate group [23] . Replacing oleic acid with other capping ligands containing weaker binding and/or bulkier molecular structures, such as oleylamine, 1,2-hexadecanediol, and trioctylphosphine oxide, have been shown to favor the formation of shape anisotropic IONPs [23] [24] [25] [26] . In addition, changing the reaction solvent has also provided a means to control the growth of IONPs [12] . Typically, a high boiling point solvent such as 1-octadecene (ODE) is used to produce monodisperse IONPs with controllable sizes [12] . While it has been reported that the use of the non-coordinating ODE solvent in the presence of the strongly binding oleic acid ligand during IONP synthesis promotes isotropic spherical morphology, on the other hand, the role of coordinating solvents on the growth of highly faceted IONPs to our knowledge has not been thoroughly investigated yet. Herein, we report a systematic study of the effect of a bulky coordinating solvent, trioctylamine (TOA), on the morphological formation of high-index faceted concave nanocube IONPs. Moreover, to better understand how each synthetic condition contributes toward the formation of a concave cubic IONP nanostructure, we studied the effects of differently prepared iron oleate precursors, reflux temperature, ligand ratio, and different solvent types on the morphology of IONPs prepared through the thermal decomposition method. The resulting concave nanocubes synthesized using TOA as solvent were evaluated to have an ultra-high T 2 relaxivity, and exhibited a 2-fold enhancement in T 2 * -weighted in vivo MRI contrast compared to spherical IONP analogs.
Materials and methods

Materials
Iron (III) chloride hexahydrate (98%), oleic acid (90%), 1-octadecene (90%), trioctylamine (98%), trimethylamine Noxide (98%), polysorbate-80, and toluene were purchased from Sigma-Aldrich and used as received. Hexane, sodium oleate, ethyl alcohol, and sodium chloride were purchased from Fisher Scientific and were used without further purification.
Synthesis of the iron oleate precursor
The iron oleate precursor was prepared by dissolving iron (III) chloride hexahydrate (FeCl 3 .6H 2 O) and sodium oleate in a solvent mixture containing deionized (DI) water, ethanol, and hexane (3:4:7 volume ratio). The reaction mixture was heated at reflux for 4 h. After reflux, the organic layer containing the iron oleate precursor was separated from the aqueous layer. Three additional extraction cycles were performed on the organic portion with warm water to remove NaCl by-product and excess reagents. Following the wash steps, the iron oleate precursor was allowed to dry inside of a fume hood until a waxy paste was obtained.
Synthesis of the IONPs
Using the previously synthesized iron oleate precursor, the IONPs were prepared by a modified thermal decomposition method [12] . Specifically, the iron oleate precursor (1.8 g, 2.0 mmol) and oleic acid ligand (1.8 ml, 5.1 mmol) were dissolved in trioctylamine/1-octadecene (12.5 ml) under vigorous stirring in an inert atmosphere (Ar gas). The reaction mixture was then heated to 100°C at a rate of 3.3°C /min and held at that temperature for 1 h, after which the temperature was again increased to reflux temperature and held for an additional hour. The reaction mixture was then cooled to room temperature and the nanoparticles were isolated by centrifugation for 20 min at 7000 rpm using a 1:1 ethanol: toluene solvent wash mixture. The as-synthesized nanoparticles were in wüstite (FeO) phase and thus, the FeO NPs were converted to the magnetite (Fe 3 O 4 ) phase using trimethylamine N-oxide (CH 3 ) 3 NO as oxidizing agent. More specifically, 0.5 mmol of (CH 3 ) 3 NO was added to 5.6 mmol of FeO nanoparticles dispersed in 20 ml of 1-octadecene and the reaction mixture was first heated to 130°C and held for 1 h, after which the reaction temperature was raised to 280°C at a rate of 10°C /min and held at that temperature for 1 h.
Phase transfer of Fe 3 O 4 NPs
The Fe 3 O 4 NPs were phase-transferred in water by encapsulating with polysorbate-80. Specifically, 5 mg of the nanoparticles in toluene were first dried under vacuum and re-dispersed in tetrahydrofuran (THF) via sonication, followed by the addition of 100 µl of polysorbate-80. The sample was then left to mix in a rotor overnight, centrifuged at 8500 rpm for 30 min, and re-dispersed in DI water for the succeeding MRI studies.
Characterization
The size and shape of the IONPs were evaluated by transmission electron microscopy (TEM). TEM samples were prepared by placing 5 µl of a dilute suspension of the nanoparticles on a 400 mesh Formvar-coated copper grid and allowing the solvent to evaporate slowly at room temperature. TEM images were obtained with a FEI Tecnai G2 Spirit BioTWIN transmission electron microscope operated at 120 kV. The mean particle size and size distribution were evaluated by measuring at least 200 nanoparticles for each sample. The tilted TEM images were acquired using a FEI Tecnai TF30 ST instrument operated at 300 kV.
The Fourier-transform infrared (FTIR) spectra of the iron oleate precursor were obtained with a JASCO TM FTIR-4600 spectrometer in the mid IR range from 600 to 4000 cm −1 .
The same iron oleate precursor deposited on a silicon wafer was further analyzed with a Bruker Sentinel Raman spectrometer in the spectral range of 290 to 1700 cm −1 and the data was processed with GRAMS32/AI TM spectroscopy software.
The crystal phase of the IONP samples were analyzed by powder X-ray diffractometry (PXRD) performed in a Rigaku MiniFlex powder X-ray diffractometer using Cu-Kα radiation (λ = 0.154 nm). For the XRD analyses, the diffraction patterns were collected within a 2-θ range of 25 to 75°. The field-dependent magnetic characterization of the oxidized Fe 3 O 4 IONPs was performed using a Quantum Design MPMS5 Superconducting Quantum Interference Device (SQUID) magnetometer. The field-dependent magnetic properties of the Fe 3 O 4 NP samples were obtained at 300 K from −5 to 5 T.
The total Fe concentration in each IONP sample was measured using a fast sequential atomic absorption spectrophotometer (AAS) Varian 220FS AA. For the elemental Fe analysis, the samples were digested with concentrated hydrochloric acid (37%) overnight to completely dissolve the IONPs. The average hydrodynamic radii of the phasetransferred IONP samples were measured by dynamic light scattering (DLS) on a ZetaPALS particle size analyzer (Brookhaven) at a scattering angle of 90 0 .
Relaxivity measurements
The relaxivity of the series of phase-transferred IONPs was measured on a 1.5 T 60 MHz Bruker minispec NMR relaxometer. The T 2 relaxation times were recorded in water at room temperature at the following Fe concentrations (evaluated from AAS) for each of the iron oxide nanoparticle samples: 0, 0.025, 0.05, 0.1, and 0.2 mM. The relaxivity value (r 2 ) was calculated based on the following equation:
In vivo MRI experiments
All the animal work were performed in an AAALACapproved animal facility at Case Western Reserve University. The experimental protocols have been approved by the CWRU institutional animal care and use committee (IACUC-2015-0123) for this project. In this study, four Charles River CD1-ICR mice were used in the MR imaging experiments in accordance with regulatory guidance on the care and use of the experimental mice. Four adult male CD1-ICR mice (age = 6 weeks, Charles River Labs) were anesthetized and positioned within a mouse MRI volume coil (inner diameter = 35 mm) in a 7 T pre-clinical Bruker Biospec MRI scanner (Bruker Inc., Billerica, MA). Each animal was anesthetized with isoflurane (1-2%) to maintain a respiration rate of 40-60 breaths/minute. Each animal's body temperature was maintained at 35 ± 1°C with a warmed-air control system. Following initial localizer scans, two sets of high resolution T 2 * -weighted FLASH images (Fast Low Angle Shot) were obtained for each mouse: pre-injection as well as 0.5 h post-injection. The axial FLASH scans (TR/TE = 690/3 ms, resolution = 117 × 117 × 500 micron, tip angle = 50 degrees) were obtained with respiratory triggering (SA Instruments, Stony Brook, NY) to limit respiratory motion artifacts. Post-contrast scans were obtained following injection of the mice with the IONP contrast agents (spheres and concave nanocubes at a concentration of 0.3 ml, 2.5 mg Fe/kg of body weight).
Injections were made near the abdominal region of the mice and the results were more reflective of an intramuscular injection approach. A direct injection (not an infusion) was preferred in this study because the IONP samples were nontargeted and this method slows down the nanoparticle diffusion leading to a more focused area with higher imaging contrast, which enables the comparison of the two types of IONPs. It was ensured that the animal motion was limited (to avoid IONP diffusion) and the mice were similarly positioned pre-and post-contrast MRI evaluation.
Results
Synthesis of high-index faceted concave cubic IONPs
To investigate solvent effects on the structural evolution of the IONPs, the thermal decomposition of the iron oleate precursor was performed in the presence of oleic acid (OAc) as the capping ligand, and a bulky coordinating solvent, trioctylamine (TOA). The as-synthesized IONPs revealed a clear cubic morphology with negative surface curvature (Fig. 1a, b) . The resulting concave cubic IONPs have an average size of 41 nm. To further examine the morphology of the IONPs, TEM images from multiple views (−30°, −15°, 0°, +15°, +30°) were obtained. The collection of the tilted TEM images taken at different viewing angles clearly shows the existence of negative curvature on the surface of the cubic IONPs (Fig. 1c) .
Growth kinetics of high-index faceted concave cubic IONPs
To further investigate the role of TOA on the growth of the concave IONPs, the effect of reflux time on the structural evolution of the concave nanocubes was evaluated by withdrawing aliquots from the reaction mixture at different reflux times for TEM analysis. Immediately at 30 s after reaching the reflux temperature, the IONPs already displayed a distinct concave cubic morphology, and the IONP size and morphology remained unchanged at longer reflux times (Fig. S1 ), which is consistent with previous reports on other types of high-index faceted NPs synthesized via hightemperature decomposition methods [28] . The presence of a well-defined concave nanocube structure at the early stage of particle growth demonstrated that the formation of the concave cubic morphology was most likely due to the selective binding of TOA on the IONP surface, which is in contrast to the previously reported chemical etching approach where the negative curvature was only observed after longer reaction times [21] .
3.3 The effect of iron oleate precursor on the growth of high-index faceted concave cubic IONPs
The reproducibility of a nanoparticle synthetic route is highly appreciated, especially in a system where the conditions are adjusted to form a high-index faceted Fig. 1 a Transmission electron microscopy (TEM) image of high-index faceted concave IONPs synthesized using a bulky coordinating ligand (TOA); b corresponding HRTEM image of the concave nanocube (scale bar, 10 nm). c Tilted TEM images of the concave nanocubes and the corresponding graphical representation of the rotation angles structure over energetically favored morphologies. During our study, we observed that the level of dryness of the iron oleate precursor plays a critical role on the resulting morphology of the synthesized IONPs. To systematically study the effect of the iron oleate precursor on the nanoparticle growth, the final organic extract of the iron oleate made following the steps described in Section 2.2 was equally divided into two halves and dried in two different methods; one half was dried on a deep container (Method 1) and the other half was dried on a shallow container (Method 2). The two batches of IONPs prepared using the iron oleate precursor from drying Methods 1 and 2, while maintaining other synthetic conditions the same, have turned out to be structurally different (Fig. S2a) . The concave shape of the IONPs was well preserved in the product obtained via the precursor dried in Method 2, whereas an intermediate shape (i.e., a structure between perfect cube and concave cube) was obtained from the precursor dried using Method 1.
The intriguing results from TEM analyses led further investigations on the iron oleate precursor obtained from the two drying methods; FTIR and Raman spectroscopy studies were conducted on the iron oleate precursors, as these methods are known to be good analytical tools to study the metal-carboxylate chemistry of iron oleate precursors [18, [29] [30] [31] [32] [33] . The FTIR spectra of the iron oleate obtained from two drying methods share four major peaks; 1711 (carbonyl group of free oleic acid or unidentate carboxylate), 1593 (bridging metal-carboxylate), 1524 (bidentate metal-carboxylate), and 1438 (carbonyl group of free oleic acid) cm −1 vibrations (Fig. S2b and S2c) . It is evident that both bidentate and bridging metal-carboxylate coordination modes in the precursor obtained from drying Method 1 exist in similar extent whereas, the bridging metal-carboxylate coordination is more pronounced in the precursor obtained from drying Method 2 (area shaded in blue color of Fig.  S2c ). We assume that this difference in the metalcarboxylate coordination in the iron oleate precursor due to different levels of dryness has been one of the reasons to form the distinct concave cubic structure. Along with FTIR, Raman spectroscopy can also be used to probe the optimal level of dryness of the iron oleate precursor (Fig. S2d) . The Raman spectrum of optimally dried iron oleate precursor (Method 2) exhibits peaks at 1270, 1305, 1440 cm −1 indicative of the δ(CH) in plane cis olefin group, CH 2 twisting, and CH 2 scissoring of the oleate precursor [34] whereas, the iron oleate precursor from Method 1 was almost featureless in the Raman spectrum.
The effects of the solvent on the growth of highindex faceted concave cubic IONPs
Coordinating vs. non-coordinating solvent
The importance of having a coordinating solvent in the formation of concave IONPs was tested with a series of IONPs synthesized following the same synthetic conditions (i.e., same amounts of iron oleate precursor and capping ligand, and same heating rate) but, systematically replacing the coordinating solvent, trioctylamine (TOA), with a noncoordinating solvent, 1-ocatadecene (ODE), during the synthesis: (i) 100% TOA, (ii) 20:80% ODE:TOA, (iii) 25:75% ODE:TOA, (iv) 33:67% ODE:TOA, (v) 50:50% ODE:TOA, and (vi) 100% ODE. The concave IONPs synthesized with 100% of TOA as the solvent in synthesis (i) serve as the control experiment (Fig. 2) . When 20% of the solvent volume is replaced with the non-coordinating ODE solvent in the synthesis (ii), the structural features of the concave cubes started to diminish. It continuously degraded the concave shape with more ODE solvent replacement during the IONP synthesis (iii), and led to an irregular IONP shape in where ODE served as one third of the total solvent volume, synthesis (iv). Interestingly, the morphology of IONPs clearly shifted from anisotropic structures to isotropic structures after the solvent composition hit the mid-point solvent volume ratios (synthesis v and vi).
Reflux temperature effects
During the change of solvent composition, it is worthy to notice that the average size of the NPs has gradually decreased ( Fig. 2) , which can be attributed to the decrease in the reflux temperature due the replacement of TOA (b.p. 360°C) with ODE (b.p. 320°C). One could argue that not only the chemical properties of the solvent system but, the physical properties such as the reflux temperature are subjected to change from synthesis (i) to (vi), which may have played a role in the final NP morphology. Therefore, we designed an experiment to explore the effect of reflux temperature on the growth of concave IONPs after ruling out changes in chemical composition of the reaction mixture, in which one synthesis was allowed to reflux at 360°C (control experiment, Fig. S3a ) and the other one was held at 320°C (TOA was used as the only solvent in both syntheses, Fig. S3b ). The representative TEM images of the products show that the NPs synthesized at 320°C remain spherical even if the coordinating solvent, TOA, was used during the synthesis (Fig. S3b) . This suggests that the thermal energy given to the system between 320°C and 360°C is crucial to differentiate the NP growth stage from the nucleation stage for the concave cubic IONP formation.
Steric effects
The third property of the solvent that influences the formation of the unique concave cubic structure in IONPs is the bulkiness of the coordinating solvent. To investigate steric effects of the solvent during the growth of IONPs, a similar synthesis experiment was conducted ruling out variations in both the chemical nature and physical properties of the reaction mixture components, whereby a primary amine, oleylamine (OAm) was used as the solvent, which has a similar boiling point (364°C) to TOA. The IONPs synthesized from OAm were also shape anisotropic, but the NPs have irregular shapes (Fig. S4 ) in contrast to the distinct concave cubic morphology of the IONPs synthesized using TOA as solvent (Fig. S4a) . This result demonstrates the important role of a bulky tertiary amine molecular structure in directing the formation of concave nanocube IONPs.
The effect of the ligand on the growth of highindex faceted concave cubic IONPs
In addition to the effect of the bulky coordinating solvent, the acid-base chemical nature of the ligand and solvent, respectively, can also influence the IONP's morphological development [24] . To examine the role of the oleic acid capping ligand on the formation of the concave cubic IONPs, various amounts of oleic acid were used in the synthesis of the NPs with 100% TOA as solvent. In the absence of oleic acid, the resulting NPs exhibited a sea urchin-like morphology, which is evident at early time points of the reaction (Fig. S5a) . At an increased oleic acid concentration (2×), the IONPs became less uniform in both shape and size and the concave cubic morphology became less evident (Fig. S5b-c) . Further increase in oleic acid concentration (4×) resulted in smaller and more spherical shaped IONPs (Fig. S5d) , demonstrating that the concentration of oleic acid, which influences the chemical nature of the reaction mixture also plays an important role in forming the concave nanocube structure.
Oxidation of IONPs
All of the as-synthesized IONPs in Section 3.4.1 exhibit a wüstite (FeO) crystal phase from powder X-ray diffractometry (PXRD) analysis (Fig. 3a) , which is in agreement with previously reported synthetic methods using iron oleate precursors [29, 35] . The FeO NPs were subsequently oxidized into the magnetite (Fe 3 O 4 ) crystal phase through chemical oxidation (Fig. 3b) . The obtained selected area electron diffraction (SAED) pattern further confirms the conversion of the IONPs to the Fe 3 O 4 crystal phase after oxidation (Fig. 3c) . The magnetic properties of the Fe 3 O 4 NPs synthesized from the different volume ratios of ODE:TOA were evaluated by measuring the field dependent magnetic hysteresis curves (Fig. 3d) . From the SQUID magnetometry measurements, the smallest spherical NPs (synthesis vi) were evaluated to have the lowest Ms value at 49.2 emu/g, and the highest value at 86.4 emu/g for the concave cubic IONPs (synthesis i).
Relaxivity measurements
To study the MRI performance of the different IONPs synthesized using various ODE:TOA solvent ratios, the oxidized, oleic acid coated Fe 3 O 4 NPs were first encapsulated in polysorbate-80 to facilitate water dispersity [23] . The average hydrodynamic radius of the concave nanocubes was estimated from dynamic light scattering (DLS) measurements to be 117 nm. The T 2 relaxivities of the water-dispersed IONPs were evaluated using a 1.5 T 60 MHz Bruker minispec NMR relaxometer. An r 2 relaxivity value of 147.5 mM −1 s −1 was calculated for the spherical Fe 3 O 4 NPs synthesized using 100% ODE solvent (Fig. 4) , which is in agreement with previously reported values [5] . A significant increase in the r 2 relaxivity value was observed for the IONPs synthesized with larger TOA volume ratios. The IONPs with a concave cubic structure synthesized with 100 % TOA showed the highest r 2 relaxivity value of 862.2 mM
, which is about 6-fold higher than the r 2 measured for the spherical IONPs (Fig. 4) . Moreover, the measured r 2 relaxivity value of the synthesized concave nanocube IONPs is significantly higher than the r 2 relaxivities of current clinically approved MRI and among the highest in previously reported IONP-based T 2 contrast agents [1, 6, 36] . The high r 2 relaxivity of the concave nanocubes can be attributed to its unique morphology and high Ms, which can generate a strong and expanded inhomogeneous magnetic field [6, 9] . Such strong inhomogeneous magnetic field surrounding a high-index faceted IONP can significantly impact the proton dephasing process, inducing a faster T 2 relaxation time and ultimately lead to better r 2 performance and enhanced T 2 MRI contrast.
To further investigate the effect of size and shape on the magnetic relaxivity of the synthesized IONPs, small and large sized spherical IONP samples were prepared. The r 2 relaxivity of the smaller sized nanosphere (12 nm) was compared to that of the larger nanosphere (40 nm), and a 2-fold enhancement in signal was observed with increase in NP size (Fig. S6) . On the other hand, the concave nanocube Fig. 4 The transverse relaxivities (r 2 ) of the IONPs synthesized using different ODE and TOA solvent ratios; the average r 2 values were calculated from three replicate measurements sample (40 nm) with a similar size to the nanosphere showed 3× higher r 2 relaxivity, which supports the important role of shape in enhancing T 2 magnetic relaxivity (Fig.  S6 ).
In vivo MRI experiments
To further assess the potential of the concave nanocubes as MRI contrast agents, the in vivo T 2 * -weighted MR images of CD1-ICR mice injected with concave nanocube or spherical IONP contrast agents were compared using a 7 T pre-clinical Bruker Biospec MRI scanner. The waterdispersed IONP samples were injected at a dosage of 0.3 mL at 2.5 mg Fe/kg. High resolution T 2 * -weighted FLASH images (Fast Low Angle Shot) were obtained for each mouse at pre-injection (0 h) and 0.5 h post-injection. As shown in Fig. 5a , the injection of concave nanocube and spherical IONP samples both showed visible T 2 * -weighted image contrast at the injection sites after 0.5 h of injection. Upon quantifying the signal-to-noise ratio (SNR) of the MRI image contrast acquired pre-and post-injection, the concave nanocubes showed over 2-fold significant improvement in image contrast compared to the spherical IONPs (Fig. 5b) , indicating that the concave nanocubes with high r 2 value can lead to a significant darkening in the in vivo T 2 * -weighted MRI images, therefore, it is a more effective T 2 contrast agent compared to the spherical IONPs.
Discussion
Generally, the shape of NPs is defined by the preferential growth of one particular crystallographic direction over the others. One of the two extreme solvent conditions we studied in Section 3.4.1 is using ODE as the only solvent, in where we obtained spherical IONPs. ODE is known as a non-coordinating solvent [37] , and thus, oleic acid acts as the only ligand to yield the most energetically favorable structure with no preferential growth direction, the isotropic nanosphere shape.
Ligands/solvents with amine groups have been used in the syntheses of noble metal nanocrystals to induce highindex faceted structures due to their coordinating chemical interactions with the metal atoms [38] . In our study, we introduced the bulky TOA as the coordinating solvent instead of the non-coordinating ODE solvent into the thermal decomposition of the iron oleate precursor with optimum amount of oleic acid as the ligand, and the shape of the resulting NPs turned out to be concave cubic in morphology. Concave nanocubes or octopods are assumed to initiate their growth from truncated octahedral seeds and progress along the [111] direction at a faster rate compared to the [100] direction [39] . This proposed growth mechanism has been rationalized by Qiao et al. in a recent study, in which, they explained the formation of anisotropic IONPs as being a delicate balance between the chemical potentials (µ) of the reaction NP monomer units, i.e., the NP seeds, (µ m,i , chemical potential of i th monomer), and the energetically different crystallographic planes of the IONPs (µ {100} , µ {110} , µ {111} , etc.) [39] . Specifically, as long as the monomer units satisfy the condition of µ {100} > µ {110} > µ m,i > µ {111} , the monomer units react promoting the growth along the {111} plane, which defines the concave cubic shape, while the growth along the {100} and {110} planes cease. Given that two types of monomer units with different potentials (µ m,oleic acid and µ m,TOA ) are used in our study, it is judicious to assume that the monomer units with oleic acid molecules are capable to overcome the energy barrier along the {111} plane as it imposes less steric hindrance and can easily diffuse along the most crowded atomic plane compared to the monomer units associated with the bulky trioctylamine. According to our proposed mechanism, the monomer units surrounded with TOA preferentially bind to low-index facets such as the {100} plane and over growth with incoming monomers on those facets is restricted due to the steric hindrance posed by the TOA molecules. The selective binding of the two types of NP monomers allow us to propose the growth mechanism of concave IONPs as depicted in Fig. S7 .
Conclusions
In conclusion, the role of a bulky coordinating solvent on the morphology evolution of concave nanocube IONPs was systematically investigated by increasing the volume ratio of the tertiary amine solvent. The binding ability and the bulky structure of TOA were demonstrated to be essential in the formation of the concave curvature on cubic IONPs. The concave nanocube IONPs synthesized from 100% TOA were evaluated to a have high T 2 relaxivity with about a 6-fold enhancement in transverse relaxivity (r 2 ) value and 2-fold enhancement in T 2 * -weighted MR image contrast compared to spherical IONPs synthesized from a noncoordinating solvent. This study provides a simple alternative synthetic route towards the preparation of high relaxivity IONP-based contrast agents.
